Abstract. A vaccinia virus core polypeptide, with a molecular weight of 76,000 and a relative deficiency in tryptophan, was shown by pulse-chase experiments to form from a precursor. The latter may be a rapidly labeled, 125,000-molecular weight, tryptophan-deficient, virus-induced polypeptide, which diminished in quantity during the chase period and was barely detectable aftertwo to three hours.
performed in medium containing one-tenth the usual concentration of amino acids. Dialyzed horse serum was used.
Polyacrylamide gel electrophoresis: Cytoplasmic extracts were prepared by Dounce homogenization and then reduced and dissociated with 2% sodium dodecyl sulfate (SDS) and l% mercaptoethanol for min at 100lC." Samples were dialyzed against buffer containing 0.01 M sodium phosphate, pH 7.1, 0.1% SDS, and 0.1% mercaptoethanol for 16^-20 hr. Electrophoresis of 50-to 100-d samples was performed in 10-cm long, 0.6-cm diameter 7.5% polyacrylamide gels containing 0.1 M sodium phosphate, pH 7.1, and 0.1% SDS for 15 hr at 3 mA/gel. The gels were sliced longitudinally, dried, and placed in contact with x-ray film.'2 Tracing of the radioautographs were made with a Joyce-Loebl microdensitometer.
Molecular weight determination: Molecular weight determinations of viral polypeptides were made by electrophoresis in 5, 7.5, and 10% polyacrylamide gels containing SDS.13-'5 A standard curve was made with SDS and mercaptoethanol-treated and dialyzed known molecular weight proteins. Bovine serum albumin, ovalbumin, chvmotrypsinogen, myoglobin, and cytochrome c were obtained fromn Mann (Orangeburg, N.Y.). g-Galactosidase, pyruvic kinase, and carboxypeptidase A were obtained from Worthington (Freehold, N.J.), Calbiochem (Los Angeles, Calif.), and Sigma (St. Louis, Mo.) respectively. The position of each polypeptide was determined by staining with Coomassie blue in 10% trichloroacetic acid. The mobility of viral proteins relative to added myoglobin was determined from stained gels and radioautographs. Preparation of viral cores: Cores were prepared from purified virus particles labeled with l4C-amino acids by incubating them for 1 hr at 370C in a solution containing 1 mM Tris, pH 8.0, and 0.5% NP40 detergent (Shell, London). Dithiothreitol was added to a concentration of 0.1 M and the incubation continued for 1 hr at room temperature. The mixture was layered on a 20-40% (w/v) sucrose gradient containing 1 mM Tris, pH 8.0, and 1 mM dithiothreitol. Samples from the top of the gradient and from the core-containing band were taken after centrifugation in an SW 25.1 rotor at 17,500 g for 50 min.
Rifampicin was obtained from Dow Chemical Co. through the courtesy of Dr. R. B. Nolan.
Results. Formation of viral polypeptides: Host protein synthesis is inhibited after vaccinia virus infection, thus permitting the specific labeling of viral polypeptides.'0 16-19 A typical separation of cytoplasmic viral polypeptides labeled with '4C-phenylalanine between 7 and 7.5 hr after infection is shown in Figure 1 (30-min pulse). When the labeled phenylalanine was replaced with unlabeled amino acid and the incubation continued, several changes occurred in the radioactive polypeptide pattern. The most prominent changes were the diminution in quantity and almost complete disappearance within 2 hr of two polypeptides:
P4a and Px, and the simultaneous appearance of a new polypeptide, 4a. The latter polypeptide continued to increase in quantity during the 2-hr chase period (Fig. 1, no cycloheximide) . The de novo formation of 4a after a short chase and its position between Px and 4b is clearly seen in the radioautograph (Fig. 2) .
The appearance of labeled 4a during the chase indicated that it was formed from a pulse-labeled precursor. Further evidence for this came tion of 4a as shown by electrophoresis of cytoplasmic extracts prepared after a 0.5-hr chase in the presence of cycloheximide (Fig. 1, cycloheximide) . However, the production of 4a during the next 2 hr was diminished and a considerable amount of P4a and Px remained at this time.
In other experiments, infected cells were labeled with 14C-phenylalanine for only 2 min. Except for somewhat broader peaks, presumably resulting from the presence of significant quantities of uncompleted polypeptide chains, the gel radioautographs were similar to those obtained with 10-or 30-min pulse times. There was no evidence for the conversion of P4a to Px or for the existence of additional, shorter-lived precursors.
Tryptophan-deficient polypeptides: The kinetic data suggested that either (Fig. 3) were also noted.
Presence of polypeptide 4a in purified Localization of 4a within the virion: Easterbrook20 found that the combined action of the nonionic detergent NP-40 and mercaptoethanol removed the outer membranes of vaccinia virus particles, producing core structures. This procedure was then used by Holowczak and Joklik'8 to localize core and membrane proteins. Using this method we found that polypeptide 4a was entirely associated with the viral core and was not released by the NP-40, mercaptoethanol treatment (Fig. 5) .
Molecular weight determination: The molecular weights of polypeptides have been determined from their relative electrophoretic mobilities in SDS containing polyacrylamide gels."3-'5 The molecular weight of polypeptide 4a, determined in 5, 7.5, and 10% polyacrylamide gels as described in Materials and Methods, varied from 75,000 to 77,000 daltons. The molecular weight of P4a, determined in 5 and 7.5% gels, varied from 120,000 to 130,000 daltons. Polypeptide 4a thus accounts for only 60% of the molecular weight of P4a, and the isolation of additional tryptophan-deficient peptide fragments from virus cores is in progress.
The mobility of P4a was not altered by reaction with iodoacetamide after re- Effect of rifampicin: Rifampicin, at a concentration which completely prevented vaccinia virus replication, was previously shown to have little or no effect on the synthesis of viral polypeptides.9'2' At that time it was not known that vaccinia virus polypeptides may form from higher molecular weight precursors and only short labeling periods were used. We now wished to determine whether rifampicin affects the formation of 4a from its precursor. Cells treated with rifampicin (100 jLg/ml) were labeled with 14C-phenylalanine from 7 to 7.5 hr after infection. Electrophoresis of extracts prepared immediately after the pulse showed that P4a and Px were both synthesized (Fig. 6) . However, 4a was not formed while rifampicin was kept in the medium, even after a pro- Jg/ml) was added to H614a cells 10 min prior to infection with vaccinia virus. The cells were labeled for 30 min with 14C-phenylalanine (0.5 ,uCi/ml) starting at 7 hr after infection. The culture was then divided into two portions: one was washed and resuspended in medium containing 100 times the original concentration of unlabeled phenylalanine and still containing rifampicin, the other was washed and resuspended in a similar medium not containing rifampicin. The 370C incubations were continued and at intervals samples were taken and total cytoplasmic extracts prepared for gel electrophoresis.
longed chase (Fig. 6) . Removal of rifampicin resulted in the formation of 4a and a decrease in P4a and Px (Fig. 6 ). Faint bands corresponding to 4a could first be seen in the radioautographs 30-60 min after removal of the drug. When a rifampicin-resistant vaccinia virus mutant (to be described in detail elsewhere) was used for infection, formation of 4a proceeded even in the presence of 100jg of the drug/ml.
Discussion. The first recognizable step in the morphogenesis of vaccinia virus particles is the formation of spicule-coated membrane envelopes.22 Rifampicin blocks the formation of virus particles at an early stage and membranes lacking the spicule layer accumulate Within the cytoplasm.9 When rifampicin is removed, virtually all membranes become coated with spicules within 10 min.9
Development of cores within the envelopes was first detected after an additional 30-60 min (Grimley, P. M., E. N. Rosenblum, S. J. Mims, and B. iMoss, manuscript in preparation). Interruption of envelope development presumably prevents subsequent events necessary for the formation of ja from its precursor.
After the removal of rifampicin the core polypeptide was detected at about the same time that cores were visualized by electron microscopy. This sequence of events suggests that cleavage of the precursor may occur during the formation of the core structure. Since complex iaturational events presumably requiring the participation of many proteins precede the formation of 4a, it is not surprising that inhibition of protein synthesis with cycloheximide partially interferes with the cleavage.
Formation of viral polypeptides from higher molecular weight precursors has been found to occur during the replication of poliovirus3-6 and related small RNA viruses.5 All of these viral polypeptides may arise by multistage cleavage from a few or perhaps a single very large polypeptide. The first stages are rapid and are completed within a 30-min period; the last stages occur slowly and are associated with virus maturation. Formation of the vaccinia virus core polypeptide appears similar in many respects to the latter "maturational-type" cleavages. A comparable "rapid-type" cleavage of vaccinia virus polypeptides could not be demonstrated by the use of either short pulses or amino acid analogues (unpublished) which are incorporated into proteins and have previously6 been used to block the cleavage of poliovirus precursor proteins; this type of cleavage may be unique to RNA viruses. These amino acid analogues (pfluorophenylalanine, canavanine, azetidine-2-carboxylic acid, and ethionine) prevented the cleavage of P4a and Px (unpublished).
Polypeptide cleavage also appears to be a common mechanism occurring during the formation of digestive enzymes,23 clotting factors,24 the hormone insulin,25 and small internal T4 phage pept*Ss.26 It is difficult to postulate the role polypeptide cleavage has in vaccinia virus replication since the function of polypeptide 4a is not yet known. Formatidn of several structural polypeptides from a single precursor would ensure the synthesis and incorporation of equimolar amounts of several core polypeptides into virus particles. If P4a were an enzyme precursor, cleavage within the maturing virus particle might prevent the postulated enzyme from being active Within the infected cell cytoplasm. Several late enzymes, including RNA polymerase,27 28 nucleotide phosphohydrolase,29 '0 and two deoxyribonucleases,3' are located within the core of vaccinia virus particles. At least one of these inzymes, RNA polymerase, has not yet been found in an active nonparticulate form32'33 and an increase in the activity of this enzyme cannot be detected during vaccinia infection in the presence of rifampicin.34 1 Joklik, W. K., Ann. Rev. Microbiol., 22, 359 (1908) .
